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Phosphorene, a new elemental two dimensional (2D) material recently isolated by
mechanical exfoliation, holds the feature of a direct band gap of around 2.0 eV, over-
coming graphene’s weaknesses (zero band gap) to realize the potential application in
optoelectronic devices. Constructing van der Waals heterostructures is an efficient ap-
proach to modulate the band structure, to advance the charge separation efficiency,
and thus to optimize the optoelectronic properties. Here, we theoretically investigated
three type-II heterostructures based on perfect phosphorene and its doped monolayers
interfaced with TiO2(110) surface. Doping in phosphorene has a tunability on built-in
potential, charge transfer, light absorbance, as well as electron dynamics, which helps
to optimize the light absorption efficiency. Three excitonic solar cells (XSCs) based on
the phosphorene−TiO2 heterojunctions have been proposed, which exhibit high power
conversion efficiencies dozens of times higher than conventional solar cells, comparable
to MoS2/WS2 XSC. The nonadiabatic molecular dynamics within the time-dependent
density functional theory framework shows ultrafast electron transfer time of 6.1−10.8
fs, and slow electron−hole recombination of 0.58−1.08 ps, yielding > 98% quantum
efficiency for charge separation, further guaranteeing the practical power conversion
efficiencies in XSC.
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Although graphene shows intriguing electronic and mechanical properties and is highly
desired in the field of next generation of faster and smaller electronic devices,1,2 the feature of
zero band gap makes it unsuitable for the controlled and reliable transistor operation and con-
sequently limits its widespread applications in optoelectronic devices, such as light-emitting
diodes, field effect transistors, and solar cells.3 It is therefore highly desired to open an en-
ergy gap in graphene. Subsequently, a whole new class of 2D materials has been studied
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and prepared in experiment, such as the transition metal dichalchogenides,4–7 transition-
metal carbides (MXenes),8,9 monolayer black phosphorus (BP) (termed phosphorene),10 etc.
Among them, phosphorene, a single layer of BP arranged in a hexagonal puckered lat-
tice, isolated from the bulk black phosphorus structure, has demonstrated extraordinary
properties, including its highly anisotropic effective masses, high electron mobility (> 1000
cm2/V·s), a direct band gap of ∼2.0 eV.10,11 The band structure and related optoelectronic
properties can be modulated through a variety of ways, such as doping,12–14 point and line
defects,15 layer-by-layer16 or hetero-structures mapping,17,18 alloys forming, chemical ad-
sorption,19 strain,20 and external electric field,21 broadening its widespreading applications.
These features are complementary to the gapless graphene, suggestive of a great potential
in optoelectronic applications, including sensors, modulators, solar cells, and light-emitting
diodes (LEDs).11,22,23
Van der Waals (vdW) heterostructure formed by stacking 2D atomic monolayers, is
one of the best approaches to protect the active layers against environmental contamina-
tion without affecting their electrical performance, or to modulate the band offsets at the
interfaces so as to provide a highly effective means for the manipulation of charge carri-
ers.24,25 Vdw hetero-structures can be widely used to enhance the electron-holes separa-
tion when used as an excitonic solar cells (XSC). In the XSC, power conversion efficiency
(PCE) depends critically on the interface band alignment between donor and acceptor mate-
rials. The type-II band alignment between interfaces is a prerequisite to achieve the efficient
electron-hole pairs (excitons) separation, which has been achieved in various 2D layered tran-
sition metal dichalchogenides-,26 carbon- or silicon-based heterostructures,3 etc. Although
such phosphorene-based hetero-structures are widely reported in experiment and theory,
type-II band alignment heterostructures are extremely scarce, only being BP/MoS2,
18,27,28
BP/GaAs29 as well as black−red phosphorus heterostructures.30 Therefore, desirable type-
II phosphorene-based heterostructures preferably with a large built-in potential for driving
electrons and holes deserve to be explored in experiment and theory.
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TiO2 possesses normally a wide band gap and excellent electrical conductance, and has
been widely used as a promising photocatalysis and photovoltaic materials,31–33 due to the
fact that the generated photoexcited electrons (PEs) can either be readily channeled to
create electricity directly in solar cells or be used to drive water splitting for hydrogen
production. However, the large energy gap of pristine TiO2 (3.0 eV for rutile and 3.2 eV for
anatase) limits its actual efficiency to generate photoexcited electrons and the subsequential
dissociation of excitons. With these above factors in mind, interfacing wide-band-gap TiO2
with phosphorene may offer a straightforward approach to overcome these shortcomings in
light absorption, so as to increase the light absorption efficiency via harvesting solar spectrum
in a wider frequency range, and also to enhance the exciton separation efficiency due to
intrinsic conduction band offsets in the region of interfaces. Layered BP interfaced with
TiO2 nanoparticles with a type-II band alignment shows novel photocatalytic performances
over traditional graphene-TiO2 hybrid.
34,35 However, studies of phosphorene-TiO2 hybrids,
especially interfaced with TiO2 crystals, on photovoltaic application are still unexplored.
Due to the low level of valence band maximum (VBM) of TiO2, phosphorene interfaced with
TiO2 (1L-BP@TiO2) may form an efficient XSC where phosphorene is used as electron donor
and TiO2 as electron acceptor.
By utilizing the large-scale density functional theory and GW + Bethe-Salpeter equa-
tion (BSE) calculations , we first systemically investigate three heterostructures consisting
of phosphorene or Al-doped (hole-doped) or Cl-doped (electron-doped) monolayers inter-
faced with TiO2(110) surface (Figure 1a). Our calculations reveal that these heterojunctions
show type-II band alignments, and large built-in potential for carrier separation, which can
efficiently mediate the direct electron excitation from phosphorene into the titania conduc-
tion band (CB) under visible light irradiation, indicating a dramatic enhanced photoactivity
in low-energy region of 1.0−2.5 eV. Doping in phosphorene has a well tunability on the
excitonic binding energy, optical band gap, and light absorbance, which helps to optimize
the light absorption in active layers. We have proposed three XSCs based on perfect or
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doped monolayers interfaced with TiO2(110) surface, which show tunable total power con-
version efficiency of about 1.5% and ultrahigh power densities of ∼12.2−17.1 MW/L, dozens
of times higher than conventional GaAs (290 kW/L) and Si (5.9 kW/L) solar cells, and
comparable with MoS2/WS2 XSC with 1nm thickness. Nonadiabatic molecular dynamics
simulation provides important insights into the charge-separation and electron−hole recom-
bination processes, showing an ultrafast electron transfer time of 6.1−10.8 fs, and slow
electron−hole recombination time of 0.58−1.08 ps, further guaranteeing the practical solar
power conversion efficiencies. The structure, electronic and optical properties and dynamics
for charge-separation and electron−hole recombination processes are discussed in detail.
Our design of heterostructure places a single-layer phosphorene on rutile TiO2(110)
surface (1L-BP/TiO2(110)). Figure 1b and c show the optimized 1L-BP/TiO2(110) het-
erostructure at the atomical level. The principal idea of doping Al (hole-doping) or Cl
(electron-doping) atoms in phosphorene layers interfaced with TiO2(110) surface (denoted
as Al@1L-BP/TiO2(110) and Cl@1L-BP/TiO2(110), respectively) may increase or reduce
the interaction within interfaces and therefore to modulate the electron transfer. Doping en-
hanced interaction between interfaces can be verified by the shortened P−O bond distances
of 2.67 and 2.71 A˚ in Al- and Cl-doped phosphorene, 0.14 and 0.1 A˚ shorter than perfect
phosphorene (2.81 A˚) respectively. The equilibrium distance between the phosphorene and
the top of the TiO2(110) surface are calculated to be 2.75 A˚. As for Al@1L-BP/TiO2(110) and
Cl@1L-BP/TiO2(110), the interlayer distances have a decrease by 0.4 and 0.2 A˚, respectively,
indicating doping would strengthen the interlayer interaction compared to 1L-BP/TiO2(110).
The interlayer coupling interaction can also be assessed by the assessment of the extent
of charge transfer. In principle, the more charge transfers from phosphorene layers to TiO2,
the more stronger interlayer coupling is. To clarify the charge transfer and separation pro-
cesses, 3D charge density difference plots are calculated by subtracting the electronic charge
of a hybrid phosphorene/TiO2 nanocomposite from the separate phosphorene layers and
TiO2(110) surface. Figure 1d−f show there are obvious charge transfers from phosphorene
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layers to the TiO2(110) surface in the ground electronic state in the three interfaces, implying
efficient hole accumulation in the titania-supported phosphorene layers. Charge redistribu-
tion mostly occurs at the phosphorene/TiO2(110) interface region, while there is almost no
charge transfer on the TiO2 substrate farther from the interface. Upon formation of an in-
terface, the electrons are able to excite from the ground states of phosphorene layers to their
excited states and then are transferred to the TiO2(110) conduction band (CB), leading to
efficient electron-hole pair separation. More importantly, the amount of charge transfer in
Al@1L-BP/TiO2 interfaces is greater than that in 1L-BP/TiO2 and Cl@1L-BP/TiO2, due
to the much stronger donor-acceptor interaction. In an effort to quantitatively estimate
the amount of charge transfer between the phosphorene layers and the TiO2, we have per-
formed the Bader charge analysis.36 The averaged Bader charge states show that perfect
phosphorene, Al@1L-BP and Cl@1L-BP lose about 0.151, 0.162 and 0.105 electron, respec-
tively, while TiO2(110) surfaces gains the corresponding electron, which is consistent with
the above difference charge density analysis shown in Figure 1c−d. At the same time, we
have also taken note that the total amount of charge transfer is much less than 1.0 electron
from phosphorene layers to TiO2, indicating the interfaces is weakly coupled via the vdW
interaction.
The large amount of electron transfer under light irradiation between interfaces can be
attributed to the large built-in potential. A small built-in potential can not effectively
drive the electron-hole pair separation from the interface region. Therefore, a large built-in
potential is a prerequisite to drive charge carriers, resulting in effective separation, and finally
to achieve high power conversion efficiency (PCE) in a XSC. To get the intrinsic built-in
potentials and photoactivity for three heterostructures, projected density of states (PDOSs)
of three interfaces are calculated. As shown in Figure 2a, c and Figure S1, the electronic
states of phosphorene or doped monolayers and TiO2(110) do not hybridize together near
the Fermi energy (EF ), almost remaining the same because donor-acceptor coupling is not
strong enough in the absence of covalent bonding. We take 1L-BP/TiO2(110) as an example,
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large phosphorene states are localized within the TiO2(110) gap, indicating the dominant
electron transition is from O−2p states at the valence band (VB) to Ti-3d states at the CB
under ultraviolet (UV) irradiation. More importantly, the electron can be excited from the
first or second van Hove singularity of phosphorene to its CB under visible light irradiation,
and then, this photogenerated electron (PE) is injected into the CB of TiO2. The three
interfaces with effective band gaps of 0.26, 0.35 and 0.36 eV, respectively, show type-II band
alignment (Figure 2b). Al@1L-BP/TiO2 has a built-in potential (CBM offsets, denoted as
∆EC) of about 0.4 eV, larger than 1L-BP/TiO2(110) (∼0.25 eV) and Cl@1L-BP/TiO2(110)
(∼0.3 eV). The large CBM (0.2−0.4 eV) and 1.8 eV VBM offsets (∆EV ) can drive electrons
to migration from phosphorene CBM to TiO2 CBM, and hole transfer between their VBMs,
respectively, indicating the highly efficient charge separation. These features, including type-
II band alignments, large built-in potentials, enable all of three heterostructures to hold the
potential capabilities of forming highly effective excitonic solar cells (XSCs).
The charge-transfer complex formed at interfaces is also expected to mediate photocat-
alytic activities under visible light. To confirm this effect, the independent particle ab-
sorbance spectrums of 1L-BP/TiO2(110) and TiO2(110) substrate are calculated with the
random phase approximation (DFT-RPA) due to the large supercell, as shown in Figure 2d.
The optical absorption for pure TiO2 mainly occurs in the visible light and UV region with
an energy larger than 2.5 eV, which is attributed to the intrinsic transition from the O−2p
orbital to Ti−3d orbital. Upon formation of an interface, the optical absorption edges extend
to the low-energy range, displaying the obvious enhancement of photoactivity under the vis-
ible and near-infrared light irradiation. In high-energy region (> 2.5 eV), 1L-BP/TiO2(110)
also display better light absorption performance than that of TiO2 substrate. Generally, over
the entire sunlight spectrum, the light absorption activity has an enhancement in the whole
region (< 4eV), and especially the presence of considerable visible response are located at
the infrared and near-infrared light region. The similar enhanced photoactivities are also
found in the case of a Al- and Cl-doped interfaces. The absorbance from low to high exhibits
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the following order: Al@1L-BP/TiO2 > 1L-BP/TiO2 > Cl@1L-BP/TiO2.
It is known that the functional parametrized by the Perdew, Burke, and Ernzerhof
(PBE)37 usually underestimates the band gap and is unable to describe the reduced charge
screening and the enhanced electron-electron correlation. The GW and HSE0638,39 calcu-
lations are used to correct PBE band gaps of phosphorene and TiO2(110). As shown in
Table 1, for phosphorene, the G0W0 band gap is closer to the experimental value (2.2 eV).
As for the Al- and Cl-doped cases, their enlarged quasi-particle band gaps are 2.44 and 2.47
eV, respectively. While, both of G0W0 and PBE results fail to obtain the accurate CBM
and VBM of TiO2(110);
40 nonetheless, the HSE06 xc-functional reproduces the VBM and
CBM levels to within 0.3 eV comparable to the experimental values.40 Therefore, the HSE06
CBM of TiO2(110) is used to match with G0W0 CBM of phosphorene layers. Assuming that
phosphorene layers is the main absorber in the XSCs, the exciton binding energy (Eb) in the
phosphorene layers is a key quantity which determines the energetics of photoexcited elec-
tron transfer to TiO2(110). To address this point, the optical CBM of the phosphorene is
calculated using GW plus Bethe-Salpeter equation (BSE) approach,41,42 and thus accounting
for Eb, as show in Figure 3a. This combined scheme utilizing the optical CBM of the donor
and the HSE06 VBM of the acceptor takes into account the minimum energy of the exciton
formed after photoabsorption in the donor materials, as well as the electronic quasiparticle
level for the transfer of a photoexcited electron to the acceptor. The ∆EC values derived
at this combined level of theory (BSE ∆EC) are shown in Figure 3b, which yields the same
qualitative trends as the PBE results concerning the type-II band alignment.
The light absorbance based on GW plus random phase approximation (GW+RPA) (with-
out electron-hole interaction but including self-energy effects at the GW level) and plus BSE
(GW+BSE) (without electron-hole interaction) is shown in Figure 4. We focus in this com-
parison in the range of 1.0−3 eV, which is of key relevance to photovoltaics. For pure
phosphorene, the first prominent peak corresponds to a bright excition with a Eb of 0.75 eV,
locating at 1.28 eV (defined as the optical band gap), in close agreement with the experimen-
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tal result (1.30 eV),43 further highlighting the accuracy of our approach. The absorbance
of Al- and Cl-doped phosphorene is plotted in Figure 4c−f. The first prominent peaks are
located at 1.62 and 1.62 eV for Al@1L-BP and Cl@1L-BP, corresponding to two bright exci-
tions with Eb of 0.82 and 0.85 eV, respectively, having a slightly increase of 0.07 eV and 0.10
eV compared to pure 1L-BP. To understand the origin of the variation of Eb, we calculated
the dielectric function with ω = 0 (0). The 0 exhibits the following order: Cl@1L-BP <
Al@1L-BP < pure phosphorene, indicating the Coulomb screening effects in Al−P bond and
Cl−P bond in Al@1L-BP are higher than that in P−P bond of phosphorene. What’s more,
its worth noting that the Eb in pure and doped phosphorene layers show a linear scaling as a
function of the quasiparticle (QP) gap (equivalent to G0W0 gap) (Figure 4g), in accordance
with previous finding in pure or chemical fictionalized or strained 2D materials,44 further
extending the applicability of the scaling relationship into doped 2D materials.
As shown in Figure 4c, Al@1L-BP has an optical gap of 1.64 eV, 0.38 eV larger than
that of pure phosphorene, and almost the same to Cl@1L-BP (1.62 eV). An absorbance
upper limit of A(ω) ≈ 19.5 % can be reached for these doping cases with only a small
portion of drops compared to perfect phosphorene along the armchair direction. Although
doped phosphorene layers require much more energies to achieve the optical excitation due to
the enlarged optical gaps, their optical CBMs are even higher than the CBM of TiO2(110)
(Figure 3a), leading to the larger optical BSE ∆EC of 1.11 and 1.02 eV for Al- and Cl-
doped phosphorene, respectively, and thus holding a larger built-in potential to drive exciton
separation. These above features can also be quantified by the absorbed photon flux Jabs,
which can be accessed based on the following equation:
Jabs = e
∫ ∞
Eoptg
A(ω)Jph(E) (1)
where A is the light absorbance (see in Supporting Information), Jph(E) is the incident
photon flux (units of photons/cm2·s·eV), and E is the photon energy. The Jabs of three
interfaces are listed in Table 2, which is expressed as the equivalent short-circuit electrical
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current density (units of mA/cm2) in the ideal system when every photon is converted to a
carrier extracted in a solar cell, so that Jabs represents the upper limit for the contribution of
the donor material to the short-circuit current in a solar cell.26 The Jabs for the incident light
polarized along the x (armchair) direction is larger than along zigzag direction by 1.5−2.6
mA/cm2 in phosphorene layers, indicating the anisotropy of light absorption. The Jabs of
Al@1L-BP along two directions are larger than that in pure phosphorene, while the Jabs
of Cl@1L-BP has the oppositive effect, showing hole doping can enlarge the Jabs, which
helps to optimize the light absorption efficiency of phosphorene via doping. The exciting
phenomenon that Al@1L-BP with an enhanced light absorbance by 30 % compared to pure
phosphorene can be attributed to the following two factors: (i) a noteworthy absorbance
peak along the armchair direction is located at 2.25 eV, 0.6 eV higher than the first peak
in pure phosphorene, strengthening Al@1L-BP’s armchair absorbance in the energy range
of more than 2.0 eV (Figure 4a and c); (ii) for the absorbance in zigzag direction, the
light absorption edges has a big red-shift by 1.1 eV from ∼2.8 eV to 1.68 eV (Figure 4d),
almost close to the one with incident light polarized along the armchair direction, which
is very beneficial to further improve the absorption activities in the key energy range for
photovoltaics. The tunable Jabs in the range of 1.1−5.8 mA/cm2, up to 1 order of magnitude
larger than nanometer-thick Si, GaAs, and P3HT (in the range of 0.1−0.3 mA/cm2) (Table
2). Thus, like perfect phosphorene, doping monolayers also show high efficiency of light
absorption.
The photo-induced electron injection, relaxation, and electron−hole recombination at the
interface of the hybrid system affect the charge carrier lifetime, and in turn, solar cell current
and performance. Previous studies mainly focus on dye sensitized solar cell (DSSC), in which
photoexcited electron transfer to TiO2 plays a crucial role in the performance and efficiency
of the DSSC.45–48 Using trajectory surface hopping methods49–51 implemented within the
time-dependent Kohn−Sham theory,47,52 the simulations of photo-induced electron trans-
fer (ET) dynamics at three interfaces were calculated and presented in Figure 5a-c. For
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intact phosphorene, about 52% of the photoexcited states are localized on TiO2 after photo-
excitation. The electron transfer process is dominated by the adiabatic electron transfer with
a small portion of the non-adiabatic process. By the exponential fitting, the photoinduced
electron transfer from phosphorene into the TiO2 surface occurs on a 6.1 fs time scale. After
Al or Cl doping in phosphorene, we can see the obvious difference in electron dynamics. For
the initial PE states, Al doping can increase the initial coupling with a larger percentage
(∼60%) of photoexcited states localized on TiO2 (Figure 5b), while Cl doping decreases the
ratio of photo-induced electron states on TiO2 to 41% (Figure 5c). The fitted total electron
injection time (τinj) for intact 1L-BP/TiO2 is 6.1 fs, indicating the ultrafast electron injec-
tion process. Al@1L-BP has only a slight influence on the electron transfer with a τinj of
7.7 fs, comparable to that of the intact phosphorene, while Cl@1L-BP slows down the τinj
to 11.0 fs. Both intact and doped interfaces can realize ultrafast electron-hole separation in
such short time scale of several femtosecond, on the same order of magnitude as conventional
DSSC,45–48 and much longer than the injecting time (about 160 fs) in vdW’s graphene/TiO2
interface.31,53 Such ultrafast ET efficiency would be significantly beneficial for the practical
application in XSC.
The electron−hole recombination at the phosphorene/TiO2 interface occurs by a nonra-
diative transition of the photoexcited electron (PE) from the CB of TiO2 surface to VBM
of phosphorene layers. The electron-hole recombination dynamics of injected electrons are
shown in Figure 5d. At the beginning, almost all electrons are localized on TiO2 substrate,
and then transfer back to the VBM of phosphorene layers. For the intact interface, the
electron-hole recombination can take place in a recombination time (τrec) of 0.58 ps obtained
from the linear approximation, which is much slower than that of PE injection. Doping Cl
and Al can slow down τrec to 0.69 ps and 1.52 ps. The large τrec can reduce the energy
losses and increase the performance of photovoltaic cells, which is very beneficial for main-
taining the photocurrent and finally achieving the high power conversion efficiency (PCE)
in phosphorene/TiO2 heterostructures. Meanwhile, we can see that the proper doping in
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phosphorene layers can effectively tune the interfacial electron-hole dynamics and finally the
performance of the device. Based on above electron dynamics results, we can approximately
estimate the internal quantum efficiency (IQE, namely the fraction of absorbed photons ex-
tracted as carriers at the contacts) by using τrec as the upper limit of carrier lifetimes in
phosphorene layers based on the ratio of τinj and τrec, IQE = 1 − τinj/τrec. The calculated
IQE, 1L-BP/TiO2(110), Al@1L-BP/TiO2(110), and Cl@1L-BP/TiO2(110) XSCs are 98.9%,
98.9%, and 99.3%, respectively, showing a ultrahigh charge separation efficiency for each of
three XSCs. The estimated IQEs imply that almost the whole absorbed photons contribute
to the current, resulting in the short-circuit current JSC ≈ Jabs in the solar cell device.
Although the thermodynamic efficiency limit for thermal carriers in the absence of nonra-
diative recombination is set based on the optical gap of the donor through the Schockley−Quisser
limit,54 the practical PCE for the three heterostructures are more useful than ultimate ther-
modynamic limits when they come to practical implementation in XSCs. We compute the
PCE under AM1.5G illumination by dividing the product JSC×VOC×FF through the inci-
dent power of 100 mW/cm2.55 Using an mediate open circuit voltage VOC = 0.6 V, FF values
of 0.65, the PCE values of 1.67, 1.71 and 1.22 % are achieved in 1L-BP/TiO2(110), Al@1L-
BP/TiO2(110) and Cl@1L-BP/TiO2(110), respectively, indicating the Al@1L-BP/TiO2(110)
has the highest PCE among the three interfaces. Combined with the obtained PCE values as
derived above, we estimate three heterostructures with a thickness of 1.0 nm would achieve
a power density of 16.7, 17.1 and 12.2 MW/L, respectively, higher by approximately 1−3
orders of magnitude compared to existing solar cells, such as 1 µm thick GaAs with a power
density of 290 kW/L, and 35 µm thick Si of 5.9 kW/L.26 These PCE values are compa-
rable to MoS2/graphene and MoS2/WS2 bilayer ultrathin photovoltaic (PV) with the PCE
of ∼0.1−1.5%.26 Although these PCEs at atomistic level are much lower than conventional
GaAs or Si PV devices with PCEs more than 20 %, thicker multilayer stacking (50-100 nm
thick) in a bulk heterojunction manner56,57 could be carried out to maximize the interface
area and PCEs, which may improve the PCE by a factor of dozens of times compared to
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that in GaAs (see in Table 2).
In summary, we have systemically investigated the electronic and optical properties of
heterostructures consisting of phosphorene and doped monolayers interfaced with TiO2(110)
surface. These heterojunctions show type-II band alignments, enhanced photoactivities and
large built-in potential for carrier separation. Doping in phorsphorene has a well tunability
on the excitonic binding energy, optical band gap, light absorbance, electron-hole dynamics
as well as power conversion efficiency in a excitonic solar cell (XSC). The idea of XSC based
on phosphorene−TiO2 heterosturcutres are proposed, where the phosphorene layer is served
as the donor and the TiO2(110) as the acceptor. Three heterostructures (1L-BP/TiO2(110),
Al@1L-BP/TiO2(110) and Cl@1L-BP/TiO2(110)) XSCs show tunable power conversion effi-
ciency in the range of 1.22−1.71% and ultrahigh power densities, dosens of times higher than
conventional GaAs solar cells, comparable with MoS2/WS2 XSC. The nonadiabatic molecu-
lar dynamics within the time-dependent density functional theory framework shows ultrafast
electron transfer of 6.1−10.8 fs, and slow electron−hole recombination of 0.58−1.08 ps, fur-
ther ensuring the practical power conversion efficiencies in XSC. These features, including the
tunable optical band gap, type-II interface band alignment, high optical absorbance, large
power conversion efficiency enable phosphorene-based heterostructures being promising for
next-generation flexible optoelectronic devices. Our results presented here may stimulate
further efforts on the rational design of future solar cell devices based on the combinations
of 2D materials and 3D wide band gap semiconductors.
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Figure 1: (a) Schematic drawing of the interfaces between phosphorene layer and TiO2(110).
The optimized interfaces between 1L-BP and TiO2(110) (denoted as 1L-BP/TiO2(110)):
(a) top view; (b)side view. Gray: P; red: O; Skyblue: Ti. The distance between 1L-
BP and TiO2(110) in (b) is inserted. panels (d)-(f): Charge density differences for a 1L-
BP/TiO2(110), Al@1L-BP/TiO2(110), and Cl@1L-BP/TiO2(110), respectively. The yellow
region represents charge accumulation, and the cyan region indicates charge depletion; the
isosurface value is 0.0004 e/A˚3.
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Figure 2: (a) Density of states (DOS) for 1L-BP/TiO2(110) interface. The Fermi level is
set to zero. (b) Band alignment at a 1L-BP/TiO2(110) interface, as predicted using DFT.
Valence (∆EV ) and conduction (∆EC ) band offsets at 1L-BP/TiO2(110) interface are ref-
erenced, respectively, to the valence and conduction band edges of the acceptor. (c) VBM
and CBM charge density contours (in 0.0014 e/A˚) of 1L-BP/TiO2(110) interface, respec-
tively. (d) Absorbance of three heterostructures, 1L-BP/TiO2(110), Al@1L-BP/TiO2(110),
Cl@1L-BP/TiO2(110), as well as TiO2(110) surface, overlapped to the incident AM1.5G
solar flux.
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Figure 3: (a) Variation of valence band maximum (VBM) and conduction band minimum
(CBM) with respect to the vacuum level for pristine, and Al-, Cl-doped phosphorene from
G0W0 and G0W0 plus BSE (GW+BSE) calculations, as well as the TiO2 structures from
HSE06 using PBE xc-functionals level. The letter “o” in parentheses means optical CBM
of phosphorene layers obtained from GW+BSE calculations. Gray regions denote VBM and
CBM energies derived from the experimental results. (b) Valence band offsets (∆EV ) and
conduction band offsets (∆EC ) based on GW+BSE and DFT calculations at phosphorene-
TiO2(110) interfaces for perfect and doping monolayers, respectively. ∆EV and ∆EC are
referenced to the valence band maximum (VBM) and conduction band minimum (CBM) of
the acceptor (TiO2(110)), respectively. The positive ∆EV and ∆EC indicate type-II band
alignment.
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Figure 4: Absorbance spectra of (a),(b) pristine, and (c),(d) Al-doped, and (e),(f) Cl-doped
phosphorene for the incident light polarized along the x (armchair) direction and along the
y (zigzag) direction. The single-particle optical absorption without e−h interaction are pre-
sented by blue solid lines while those spectra with e-h interaction included are presented by
red solid lines. The spectra are broadened by Lorentzians with line widths of 0.05 eV. Inter-
band electron transition from the VB to the CB of phosphorene; after, this photogenerated
electron is able to transfer to the bottom of the CB of TiO2(110), which need to overcome
the binding energy of exciton generated in donor materials. (g) The exciton binding energy
(Eb) versus the QP band gap (Eg) for various representative 2D materials. The dashed line
represents the fitted linear relation in the form of Eb = αEg +β, with α =0.23 and β = 0.45.
Eb of SiC,
44 C3N4,
58 Graphane,59 MoS2
60 monolayers are obtained from relevant references.
Figure 5: Average electron transfer dynamics of photoexcited states for (a) intact, (b) Cl
doped, (c) Al doped phosphorene. The solid black, solid red and solid blue lines represent the
total adiabatic and nonadaiabatic electron transfer. Thee total, adiabatic (AD) and nonadi-
abatic (NA) ET are indicated by the black solid, red solid and blue solid lines, respectively.
The dashed lines show the exponential fits of each lines. (d) Electron-hole recombination
dynamics from phosphorene CBs to TiO2 highest VBs in three heterostructures. Intact, Al-
and Cl-doped interfaces are indicated in black solid, blue solid, red solid line, respectively.
The dashed lines are fitted by linear functions. The oped phosphorene can slightly slow
down the process of injected electron migrated back to TiO2.
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Table 1: Band Offsets (in eV), Exciton Binding Energies (Eb), the First Optical Absorption
Peak (”Optical gap”, Eog), G0W0 Energy Gaps of the Phosphorene and their Al- and Cl-
doped Monolayers, as well as IQE and PCE When Interfaced with TiO2(110).
Compound 1L-BP Al@1L-BP Cl@1L-BP TiO2(110)
CBM −3.54 −3.00 −3.04 −4.91a
optical CBM −4.26 −3.8 −3.89 −4.91a
built-in potential 0.65 1.11 1.02 na
VBM −5.53 −5.44 −5.51 −8.58a
Eb 0.72 0.82 0.85 na
PBE gap 0.84 1.01 1.18 2.17
Optical gap 1.28 1.62 1.62 na
G0W0 Gap 2.03 2.44 2.47 4.26
a obtained from HSE06 calculation
Table 2: Optical Band Gaps of Donor Material, and Absorbed Photon Flux Jaabs (incident
light polarized along the armchair direction), Flux Jzabs (along zigzag direction), total Jabs
under AM1.5G Solar Illumination, PCE, and power density (PD) for the 1L-BP/TiO2(110),
Al@1L-BP/TiO2(110) and Cl@1L-BP/TiO2(110). Computed Using Equation 1 with the
Absorbance Values in Figure 4a−f a
Material Eog (eV) J
a
abs J
z
abs Jabs (mA/cm
2) thickness PCE PD(kW/L)
Phosphorene 1.28 4.3 2.0 3.15 1nm 1.67% 16 700
Al-doped 1.38 4.41 2.53 3.47 1nm 1.71% 17 100
Cl-doped 1.38 3.15 1.01 2.08 1nm 1.22% 12 200
Si 1.11 0.1 35 µm ∼29% 5.9
GaAs 1.42 0.3 1 µm 20.6% 290
aJabs quantifies the flux of absorbed photons, converted to units of equivalent electrical current.
The same quantities are also shown for 1 nm thick representative bulk materials in ultrathin PV,
taken from the literature.26
19
References
(1) Tombros, N.; Jozsa, C.; Popinciuc, M.; Jonkman, H. T.; van Wees, B. J. Nature 2007,
448, 571–574.
(2) Ohta, T.; Bostwick, A.; Seyller, T.; Horn, K.; Rotenberg, E. Science 2006, 313, 951–
954.
(3) Zhou, L.-J.; Zhang, Y.-F.; Wu, L.-M. Nano Lett. 2013, 13, 5431–5436.
(4) Xu, M.; Liang, T.; Shi, M.; Chen, H. Chem. Rev. 2013, 113, 3766–3798.
(5) Splendiani, A.; Sun, L.; Zhang, Y.; Li, T.; Kim, J.; Chim, C.-Y.; Galli, G.; Wang, F.
Nano Lett. 2010, 10, 1271–1275.
(6) Mak, K. F.; He, K.; Lee, C.; Lee, G. H.; Hone, J.; Heinz, T. F.; Shan, J. Nat. Mater.
2013, 12, 207–211.
(7) Britnell, L.; Ribeiro, R. M.; Eckmann, A.; Jalil, R.; Belle, B. D.; Mishchenko, A.;
Kim, Y.-J.; Gorbachev, R. V.; Georgiou, T.; Morozov, S. V.; Grigorenko, A. N.;
Geim, A. K.; Casiraghi, C.; Neto, A. H. C.; Novoselov, K. S. Science 2013, 340,
1311–1314.
(8) Wang, X.; Shen, X.; Gao, Y.; Wang, Z.; Yu, R.; Chen, L. J. Am. Chem. Soc. 2015,
137, 2715–2721.
(9) Anasori, B.; Xie, Y.; Beidaghi, M.; Lu, J.; Hosler, B. C.; Hultman, L.; Kent, P. R. C.;
Gogotsi, Y.; Barsoum, M. W. ACS Nano 2015, 9, 9507–9516.
(10) Qiao, J.; Kong, X.; Hu, Z.-X.; Yang, F.; Ji, W. Nat. Commun. 2014, 5, 4475.
(11) Li, L.; Yu, Y.; Ye, G. J.; Ge, Q.; Ou, X.; Wu, H.; Feng, D.; Chen, X. H.; Zhang, Y.
Nat. Nano. 2014, 9, 372–377.
20
(12) Low, T.; Rodin, A. S.; Carvalho, A.; Jiang, Y.; Wang, H.; Xia, F.; Castro Neto, A. H.
Phys. Rev. B 2014, 90, 075434.
(13) Kim, J.; Baik, S. S.; Ryu, S. H.; Sohn, Y.; Park, S.; Park, B.-G.; Denlinger, J.; Yi, Y.;
Choi, H. J.; Kim, K. S. Science 2015, 349, 723–726.
(14) Hashmi, A.; Hong, J. J. Phys. Chem. C 2015, 119, 9198–9204.
(15) Liu, Y.; Xu, F.; Zhang, Z.; Penev, E. S.; Yakobson, B. I. Nano Lett. 2014, 14, 6782–
6786.
(16) Tran, V.; Soklaski, R.; Liang, Y.; Yang, L. Phys. Rev. B 2014, 89, 235319.
(17) Padilha, J.; Fazzio, A.; da Silva, A. J. Phys. Rev. Lett. 2015, 114, 066803.
(18) Yuan, J.; Najmaei, S.; Zhang, Z.; Zhang, J.; Lei, S.; M. Ajayan, P.; Yakobson, B. I.;
Lou, J. ACS Nano 2015, 9, 555–563.
(19) Ziletti, A.; Carvalho, A.; Campbell, D.; Coker, D.; Castro Neto, A. Phys. Rev. Lett.
2015, 114, 046801.
(20) Fei, R.; Yang, L. Nano Lett. 2014, 14, 2884–2889.
(21) Koenig, S. P.; Doganov, R. A.; Schmidt, H.; Neto, A. H. C.; zyilmaz, B. Appl. Phys.
Lett. 2014, 104, 103106.
(22) Buscema, M.; Groenendijk, D. J.; Steele, G. A.; van der Zant, H. S. J.; Castellanos-
Gomez, A. Nat Commun 2014, 5, 4651.
(23) Lam, K.-T.; Dong, Z.; Guo, J. IEEE Electron Device Lett. 2014, 35, 963–965.
(24) Buscema, M.; Island, J. O.; Groenendijk, D. J.; Blanter, S. I.; Steele, G. A.; Zant, H.
S. J. v. d.; Castellanos-Gomez, A. Chem. Soc. Rev. 2015, 44, 3691–3718.
(25) Wang, X.; Xia, F. Nat. Mater. 2015, 14, 264–265.
21
(26) Bernardi, M.; Palummo, M.; Grossman, J. C. Nano Lett. 2013, 13, 3664–3670.
(27) Huang, L.; Huo, N.; Li, Y.; Chen, H.; Yang, J.; Wei, Z.; Li, J.; Li, S.-S. J. Phys. Chem.
Lett. 2015, 6, 2483–2488.
(28) Chen, P.; Xiang, J.; Yu, H.; zhang, J.; Xie, G.; Wu, S.; Lu, X.; Wang, G.; Jing Zhao,;
Wen, F.; Liu, Z.; Yang, R.; Shi, D.; Zhang, G. 2D Mater. 2015, 2, 034009.
(29) Gehring, P.; Urcuyo, R.; Duong, D. L.; Burghard, M.; Kern, K. Appl. Phys. Lett. 2015,
106, 233110.
(30) Shen, Z.; Sun, S.; Wang, W.; Liu, J.; Liu, Z.; Yu, J. C. J. Mater. Chem. A 2015, 3,
3285–3288.
(31) Ni, M.; Leung, M. K. H.; Leung, D. Y. C.; Sumathy, K. Renew. Sustainable Energy
Rev. 2007, 11, 401–425.
(32) Zhang, J.; Xu, Q.; Feng, Z.; Li, M.; Li, C. Angew. Chem. 2008, 120, 1790–1793.
(33) Grtzel, M. Nature 2001, 414, 338–344.
(34) Uk Lee, H.; Lee, S. C.; Won, J.; Son, B.-C.; Choi, S.; Kim, Y.; Park, S. Y.; Kim, H.-S.;
Lee, Y.-C.; Lee, J. Sci. Rep. 2015, 5, 8691.
(35) Wang, Q. H.; Kalantar-Zadeh, K.; Kis, A.; Coleman, J. N.; Strano, M. S. Nat. Nano.
2012, 7, 699–712.
(36) Henkelman, G.; Arnaldsson, A.; Jnsson, H. Comput. Mater. Sci. 2006, 36, 354–360.
(37) Perdew, J. P.; Zunger, A. Phys. Rev. B 1981, 23, 5048–5079.
(38) Heyd, J.; Scuseria, G. E.; Ernzerhof, M. J. Chem. Phys. 2003, 118, 8207–8215.
(39) Heyd, J.; Scuseria, G. E.; Ernzerhof, M. J. Chem. Phys. 2006, 124, 219906.
22
(40) Migani, A.; Mowbray, D. J.; Zhao, J.; Petek, H.; Rubio, A. J. Chem. Theory Comput.
2014, 10, 2103–2113.
(41) Deslippe, J.; Samsonidze, G.; Strubbe, D. A.; Jain, M.; Cohen, M. L.; Louie, S. G.
Comput. Phys. Commun. 2012, 183, 1269–1289.
(42) Rohlfing, M.; Louie, S. G. Phys. Rev. B 2000, 62, 4927–4944.
(43) Wang, X.; Jones, A. M.; Seyler, K. L.; Tran, V.; Jia, Y.; Zhao, H.; Wang, H.; Yang, L.;
Xu, X.; Xia, F. Nat. Nano. 2015, 10, 517–521.
(44) Choi, J.-H.; Cui, P.; Lan, H.; Zhang, Z. Phys. Rev. Lett. 2015, 115, 066403.
(45) Duncan, W. R.; Stier, W. M.; Prezhdo, O. V. J. Am. Chem. Soc. 2005, 127, 7941–7951.
(46) Duncan, W. R.; Craig, C. F.; Prezhdo, O. V. J. Am. Chem. Soc. 2007, 129, 8528–8543.
(47) Craig, C. F.; Duncan, W. R.; Prezhdo, O. V. Phys. Rev. Lett. 2005, 95, 163001.
(48) Li, Z.; Zhang, X.; Lu, G. J. Phys. Chem. B 2010, 114, 17077–17083.
(49) Tully, J. C. J. Chem. Phys. 1990, 93, 1061–1071.
(50) HammesSchiffer, S.; Tully, J. C. J. Chem. Phys. 1994, 101, 4657–4667.
(51) Parandekar, P. V.; Tully, J. C. J. Chem. Phys. 2005, 122, 094102.
(52) Fischer, S. A.; Habenicht, B. F.; Madrid, A. B.; Duncan, W. R.; Prezhdo, O. V. J.
Chem. Phys. 2011, 134, 024102.
(53) Long, R.; English, N. J.; Prezhdo, O. V. J. Am. Chem. Soc. 2012, 134, 14238–14248.
(54) Gregg, B. A. MRS Bulletin 2005, 30, 20–22.
(55) Lunt, R. R.; Osedach, T. P.; Brown, P. R.; Rowehl, J. A.; Bulovi, V. Adv. Mater. 2011,
23, 5712–5727.
23
(56) Halls, J. J. M.; Walsh, C. A.; Greenham, N. C.; Marseglia, E. A.; Friend, R. H.;
Moratti, S. C.; Holmes, A. B. Nature 1995, 376, 498–500.
(57) Yu, G.; Gao, J.; Hummelen, J. C.; Wudl, F.; Heeger, A. J. Science 1995, 270, 1789–
1791.
(58) Wei, W.; Dai, Y.; Huang, B.; Jacob, T. Phys. Chem. Chem. Phys. 2013, 15, 8789–8794.
(59) Wei, W.; Jacob, T. Phys. Rev. B 2013, 87, 085202.
(60) Qiu, D. Y.; da Jornada, F. H.; Louie, S. G. Phys. Rev. Lett. 2013, 111, 216805.
24
Graphical TOC Entry
Novel excitonic solar cells (XSCs) based on pure phosphorene and doped
monolayers interfaced with TiO2 are proposed. These heterostructures
show type-II band alignment and enhanced light absorbance. Doping in
phosphorene has a tunability on built-in potential, charge transfer, light
absorbance, which helps to optimize the light absorption efficiency of
phosphorene. These heterostructures used as active layers in a XSC can
attain high power conversion efficiencies and ultrahigh power densities,
comparable with MoS2/WS2 XSC at atomistic thickness, and dozens
of times higher than convectional solar cells. Ultrafast electron transfer
of 6.1−10.8 fs, and slow electron−hole recombination of 0.58−1.08 ps,
further guaranteeing the practical power conversion efficiencies in XSC
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